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Introduction and outline 

•  Charm spectra well predicted by HQET 
•  Important to test the predictions with measurements of mass, width and spin 
•  Some deviations seen in the      system – possible exotics? 
•  First observations of new states 

•  Reminder of the       spectroscopy from LHCb in 2014 
•  Phys. Rev. Lett. 113 (2014) 162001, Phys. Rev. D 90 (2014) 072003 

•          spectroscopy from         decays 
•  Phys. Rev. D 91 (2015) 092002  

•          spectroscopy from        and        
•  arXiv:1505.01710 and arXiv:1505.01505 
•  Both submitted to PRD 
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***NEW*** 
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LHCb experiment 
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VELO 
Precise vertex 
resolution 

RICH 
Particle ID 

HCAL 
Triggering 

•  Data samples 
•  2011 - 1fb-1 

•  2012 - 2fb-1 

•  3fb-1 combined 
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Dalitz plot of 𝐵− → 𝐷+𝐾−𝜋−

• See resonant 
structures in 
invariant mass of 
pairs of daughters

• Reflections visible 
in other invariant 
mass pairs

• 2D representation 
is “Dalitz plot”

• Interference 
effects visible
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Dalitz plots 

•  Dalitz plot analysis of         decays 
•  Kinematics fully constrained by particle masses 
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Reflections 

The Dalitz plot is the  
2D representation 

Resonances appear  
in invariant masses  
of pairs of daughters 
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Charm spectroscopy 

•  Which charm resonances should we expect to see? 
•  Only access natural spin-parity states (0+, 1-, 2+…) in      decays 
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Figure 1 Mass spectrum for ��⇥ states.
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Charmed strange spectroscopy 

•  What about the Ds states? 
•  Full Dalitz plot analysis of          decays 
•  Resolved the      state into spin 1 and spin 3 components (>10 sigma) 
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determined to be

m(D⇤
s2(2573)

�) = 2568.39± 0.29± 0.19± 0.18MeV/c2 ,

�(D⇤
s2(2573)

�) = 16.9± 0.5± 0.4± 0.4MeV/c2 ,

m(D⇤
s1(2860)

�) = 2859± 12± 6± 23MeV/c2 ,

�(D⇤
s1(2860)

�) = 159± 23± 27± 72MeV/c2 ,

m(D⇤
s3(2860)

�) = 2860.5± 2.6± 2.5± 6.0MeV/c2 ,

�(D⇤
s3(2860)

�) = 53± 7± 4± 6MeV/c2 ,

where the first uncertainty is statistical, the second is due to experimental systematic
e↵ects and the third due to model variations. The largest sources of uncertainty on
the parameters of the D⇤

s1(2860)
� and D⇤

s3(2860)
� resonances arise from varying the

K�⇡+ S-wave description and, for the D⇤
s1(2860)

� width, from removing the K⇤(1680)0

and B⇤+
v

components from the model. The results for the D⇤
s2(2573)

� mass and width
are determined with significantly better precision than previous measurements. Those
for the parameters of the D⇤

s1(2860)
� and D⇤

s3(2860)
� resonances must be considered

first measurements, since previous measurements of the properties of the D⇤
sJ

(2860)�

state [3,5,6] involved an unknown admixture of at least these two particles. The results for
all the complex amplitudes determined by the Dalitz plot fit, as well as derived quantities
such as branching fractions of the resonant contributions and detailed descriptions of the
systematic uncertainties, are given in Ref. [17].

In summary, results of the first amplitude analysis of the B0
s

! D0K�⇡+ decay show,
with significance of more than 10 standard deviations, that a structure at m(D0K�) ⇡
2.86GeV/c2 contains both spin-1 and spin-3 components. The masses of the D⇤

s1(2860)
�

and D⇤
s3(2860)

� states are found to be similar, while a larger width of the spin-1 state
than that of the spin-3 state is preferred. The results support an interpretation of these
states being the JP = 1� and 3� members of the 1D family, though the 1� state may be
partially mixed with the vector member of the 2S family to give the physical D⇤

s1(2700)
�

and D⇤
s1(2860)

� states. The discovery of the D⇤
s3(2860)

� resonance represents the first
observation of a heavy flavoured spin-3 particle, and the first time that a spin-3 state is
seen to be produced in B decays. This demonstrates that the spectroscopy of the 1D
families of heavy flavoured mesons can be studied experimentally.
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•  Firstly observe the decay! 
•  Normalise to the similar decay 
•  Roughly signal 2000 candidates in the full 3 fb-1 data sample 

•  Uncertainties are statistical, systematic and from       (PDG) 
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Analysis details – branching fraction 
Phys. Rev. D 91 (2015) 092002  

Table 4: Relative systematic uncertainties on the measurement of the ratio of branching fractions
for B� ! D+K�⇡� and B� ! D+⇡�⇡� decays.

Source Uncertainty (%)
⇤

+

c

veto 0.2
Fit model 2.0
Particle identification 2.1
E�ciency modelling 0.8
Total 3.0

The bins of the e�ciency maps are varied within uncertainties to make 100 new
e�ciency maps, for both D

+

K

�
⇡

� and D

+

⇡

�
⇡

� modes. The e�ciency-corrected yields
are evaluated for each new map and their distributions are fitted with Gaussian functions.
The widths of these are used to assign a relative systematic uncertainty on the ratio of
branching fractions of 0.8%.

A number of additional cross-checks are performed to test the branching fraction result.
The neural network and PID requirements are both tightened and loosened. The data
sample is divided by dipole magnet polarity and year of data taking. The branching
fraction is also calculated separately for TOS and TIS-only events. All cross-checks give
consistent results.

4.4 Results

The ratio of branching fractions is found to be

B(B� ! D

+

K

�
⇡

�)

B(B� ! D

+

⇡

�
⇡

�)
= 0.0720± 0.0019± 0.0021 ,

where the first uncertainty is statistical and the second systematic. The statistical
uncertainty includes contributions from the event weighting used in Eq. (1) and from the
shape parameters that are allowed to vary in the fit [36]. The world average value of
B(B� ! D

+

⇡

�
⇡

�) = (1.07±0.05)⇥10�3 [9] assumes that B+

B

� and B

0

B

0 are produced
equally in the decay of the ⌥(4S) resonance. Using �(⌥(4S) ! B

+

B

�)/�(⌥(4S) !
B

0

B

0) = 1.055± 0.025 [9] gives a corrected value of B(B� ! D

+

⇡

�
⇡

�) = (1.01± 0.05)⇥
10�3. This allows the branching fraction of B� ! D

+

K

�
⇡

� decays to be determined as

B(B� ! D

+

K

�
⇡

�) = (7.31± 0.19± 0.22± 0.39)⇥ 10�5

,

where the third uncertainty is from B(B� ! D

+

⇡

�
⇡

�). This measurement represents the
first observation of the B

� ! D

+

K

�
⇡

� decay.

5 Study of angular moments

To investigate which amplitudes should be included in the DP analysis of B� ! D

+

K

�
⇡

�

decays, a study of its angular moments is performed. Such an analysis is particularly

10

D⇤⇤+
s

D⇤⇤+
sJ

D⇤⇤0

D(2600)
D(2750)
D⇤⇤+

B0 ! D
0
⇡+⇡�

B0 ! D
0
K+⇡�

B0
s ! D

0
K�⇡+

B� ! D+K�⇡�

B� ! D+⇡�⇡�

m(⇡+⇡�)

m(D
0
⇡�)

m(D+⇡�)

1

) [MeV]-π-K+D(m
5200 5400 5600 5800

C
an

di
da

te
s /

 (5
 M

eV
)

1

10

210

Data
Total
Signal
Comb. bkg.

−π−π* +( )D → −B
−π

−K+sD → −B
−π

−K+*D → −B

LHCb

) [MeV]-π-π+D(m
5200 5400 5600 5800

C
an

di
da

te
s /

 (5
 M

eV
)

1

10

210

310
Data
Total
Signal
Comb. bkg.

−π
−K* +( )D → −B
−π−π+*D → −B

LHCb

f0(500)
f0(980)
D⇤⇤+

s

D⇤⇤+
sJ

D⇤⇤0

D(2600)
D(2750)
D⇤

J(2750)
0

D⇤
J(2750)

�

D⇤⇤+

B0 ! D
0
⇡+⇡�

B0 ! D
0
K+⇡�

B0
s ! D

0
K�⇡+

B� ! D+K�⇡�

B� ! D+⇡�⇡�

B(B� ! D+⇡�⇡�)
B ! D⇢
B ! Dhh0 (h, h0 = K/⇡)
m(⇡+⇡�)
m(K+⇡�)

m(D
0
⇡�)

m(D+⇡�)

D
0 ! K+⇡�

1



•  Use mass fit to define a mass window 
•  Taken as 5239.4 -> 5317.1 MeV 
•  Purity in the signal region is ~93% 
 
 
 
 
 

 
•  Building the fit model 

•  Only expect resonances in  
•  Angular moments from Legendre polynomials to guide the fit model 
•  No evidence of structures above spin 2 

20/05/2015 9 

Analysis details – DP fit 
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•  Nominal model 
•  Three resonances, two nonresonant terms and two virtual states 
•  Efficiencies and backgrounds modelled in the fit 
•  Fit performed with the Laura++ package using the Isobar model  
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Analysis details – DP model Table 5: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [9]. States labelled with subscript v are virtual contributions.

Resonance Spin DP axis Model Parameters

D

⇤
0

(2400)0 0 m

2(D⇡) RBW m = 2318± 29MeV, � = 267± 40MeV
D

⇤
2

(2460)0 2 m

2(D⇡) RBW
Determined from data (see Table 6)

D

⇤
J

(2760)0 1 m

2(D⇡) RBW
Nonresonant 0 m

2(D⇡) EFF
Determined from data (see text)

Nonresonant 1 m

2(D⇡) EFF

D

⇤
v

(2007)0 1 m

2(D⇡) RBW m = 2006.98± 0.15MeV, � = 2.1MeV
B

⇤0
v

1 m

2(DK) RBW m = 5325.2± 0.4MeV, � = 0.0MeV

do not aid the stability of the fit are removed. Only natural spin-parity intermediate
states are considered, as unnatural spin-parity states do not decay to two pseudoscalars.
The resulting signal model, referred to below as the nominal DP model, consists of the
seven amplitudes shown in Table 5: three resonances, two virtual resonances and two
nonresonant terms. Parts of the model are known to be approximations. In particular both
S- and P-waves in the D⇡ system are modelled with overlapping broad structures. The
nominal model gives a better description of the data than any of the alternative models
considered; alternative models are used to assign systematic uncertainties as discussed in
Sec. 8.

The free parameters in the fit are the c

j

terms introduced in Eq. (8), with the real
and imaginary parts of these complex coe�cients determined for each amplitude in the
fit model. The D

⇤
2

(2460)0 component, as the reference amplitude, is the exception with
real and imaginary parts fixed to 1 and 0, respectively. Fit fractions and interference fit
fractions are derived from these free parameters, as are the magnitudes and phases of the
complex coe�cients. Statistical uncertainties for the derived parameters are calculated
using large samples of simulated pseudoexperiments to ensure that non-trivial correlations
are accounted for. Several other parameters are also determined from the fit as described
below.

In Dalitz plot fits it is common for the minimisation procedure to find local minima of
the likelihood function. To find the global minimum, the fit is performed many times using
randomised starting values for the complex coe�cients. In addition to the global minimum
of the likelihood, corresponding to the results reported below, several additional minima
are found. Two of these have negative log-likelihood (NLL) values close to that of global
minimum. The main di↵erences between secondary minima and the global minimum are
the interference patterns in the D⇡ S- and P-waves, as shown in App. A.

The shape parameters, defined in Eq. (15), for the nonresonant components are
determined from the fit to data to be 0.36 ± 0.03GeV�2 and 0.36 ± 0.04GeV�2 for the
S-wave and P-wave, respectively, where the uncertainties are statistical only. The mass and
width of the D

⇤
2

(2460)0 resonance are determined from the fit to improve the fit quality.
Since the mass and width of the D

⇤
J

(2760)0 state have not been precisely determined by

17

Phys. Rev. D 91 (2015) 092002  

RBW = Relativistic Breit-Wigner and EFF = Exponential form factor 

http://laura.hepforge.org 



•         state favours spin 1 
•  Other hypotheses rejected with high significance (>6 sigma) 
•  Mass and widths reported 
•  Full results of the amplitude fit in the back-ups 
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Results 
Phys. Rev. D 91 (2015) 092002  
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Table 15: Results for the product branching fractions B(B� ! RK�)⇥ B(R ! D+⇡�) (10�4).
The four quoted errors are statistical, experimental systematic, model and inclusive branching
fraction uncertainties, respectively.

Resonance Branching fraction

D

⇤
0

(2400)0 6.1± 1.9± 0.5± 1.4± 0.4
D

⇤
2

(2460)0 23.2± 1.1± 0.6± 1.0± 1.6
D

⇤
1

(2760)0 3.6± 0.9± 0.3± 0.7± 0.2
S-wave nonresonant 27.8± 5.4± 1.1± 7.9± 1.9
P-wave nonresonant 17.4± 4.1± 1.5± 2.7± 1.2

D

⇤
v

(2007)0 5.6± 1.7± 1.0± 1.1± 0.4
B

⇤
v

2.6± 1.4± 0.6± 1.2± 0.2

The masses and widths of the D

⇤
2

(2460)0 and D

⇤
1

(2760)0 are determined to be

m(D⇤
2

(2460)0) = (2464.0± 1.4± 0.5± 0.2)MeV ,

�(D⇤
2

(2460)0) = (43.8± 2.9± 1.7± 0.6)MeV ,

m(D⇤
1

(2760)0) = (2781± 18± 11± 6)MeV ,

�(D⇤
1

(2760)0) = (177± 32± 20± 7)MeV ,

where the three quoted errors are statistical, experimental systematic and model uncer-
tainties, respectively. The results for the D

⇤
2

(2460)0 are within 2 � of the world average
values [9]. The mass of the D

⇤
1

(2760)0 resonance is similarly consistent with previous
measurements. The measured width of this state is larger than previous measurements by
2 to 3 times the uncertainties. Future studies based on much larger data samples will be
required to better understand these states.

The measurement of B(B� ! D

+

K

�
⇡

�) corresponds to the first observation of this
decay mode. Therefore, the resonant contributions to the decay are also first observations.
The significance of the B

� ! D

⇤
1

(2760)0K� observation is investigated by removing the
corresponding resonance from the DP model. A fit without the D

⇤
1

(2760)0 component
increases the value of 2�NLL by 75.0 units, corresponding to a high statistical significance.
Only the systematic e↵ects due to uncertainties in the DP model could in principle
significantly change the conclusion regarding the need for this resonance. However, in
alternative DP models where a D⇡ resonance with spin 3 is added and where the B

⇤
v

contribution is removed, the shift in 2�NLL remains above 50 units. The alternative models
also do not significantly impact the level at which the D

⇤
1

(2760)0 state is preferred to be
spin 1. Therefore, these results represent the first observation of the B� ! D

⇤
1

(2760)0K�

and the measurement of the spin of the D

⇤
1

(2760)0 resonance.
In summary, the B

� ! D

+

K

�
⇡

� decay has been observed in a data sample corre-
sponding to 3.0 fb�1 of pp collision data recorded by the LHCb experiment. An amplitude
analysis of its Dalitz plot distribution has been performed, in which a model containing
resonant contributions from the D

⇤
0

(2400)0, D⇤
2

(2460)0 and D

⇤
1

(2760)0 states in addition
to both S-wave and P-wave nonresonant amplitudes and components due to virtual

26
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Background
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Uncertainties are statistical, experimental systematics 
and model systematics  
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•  Full amplitude analysis of       decays 
•  Expect resonances in    and    
•  Use only 

•  Firstly perform a mass fit to select events for DP fit 
•  Combinatorial background removed with Fisher discriminant MVA 
•  ~10000 signal candidates (in 3 fb-1) 
•  Signal region 5250 – 5310 MeV/c2 

•  Purity of ~98% in the signal window 
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Analysis details – mass fit 
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•  Two DP fit models to choose from 
•  Isobar model and K-matrix parameterisations of the ππ S-wave 

•  Isobar model 
•  11 resonances 
•  Two nonresonant terms 

•  K-matrix model 
•  Eight resonances 
•  1 non resonant term 
•  K-matrix term 
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Analysis details – DP model 
arXiv:1505.01710 
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Figure 5: Dalitz plot distribution of candidates in the signal region, including background
contributions. The red line shows the Dalitz plot kinematic boundary.

Table 3: Resonant contributions to the nominal fit models and their properties. Parameters and
uncertainties of ⇢(770), !(782), ⇢(1450) and ⇢(1700) come from Ref. [90], and those of f

2

(1270)
and f

0

(2020) come from Ref. [32]. Parameters of f
0

(500), f
0

(980) and K-matrix formalism are
described in Sec. 4.

Resonance Spin Model m

r

(MeV/c2) �
0

(MeV)
D

0

⇡

� P-wave 1 Eq. 14 Floated
D

⇤
0

(2400)� 0 RBW Floated
D

⇤
2

(2460)� 2 RBW Floated
D

⇤
J

(2760)� 3 RBW Floated
⇢(770) 1 GS 775.02± 0.35 149.59± 0.67
!(782) 1 Eq. 13 781.91± 0.24 8.13± 0.45
⇢(1450) 1 GS 1493± 15 427± 31
⇢(1700) 1 GS 1861± 17 316± 26
f

2

(1270) 2 RBW 1275.1± 1.2 185.1 + 2.9

� 2.4

⇡⇡ S-wave 0 K-matrix See Sec. 4
f

0

(500) 0 Eq. 15 See Sec. 4
f

0

(980) 0 Eq. 18 See Sec. 4
f

0

(2020) 0 RBW 1992± 16 442± 60
Nonresonant 0 Eq. 20 See Sec. 4

Distributions in the invariant mass-squared region [6.4, 10.4] GeV2

/c

4 of m2(D0

⇡

�)
are shown in Fig. 10. There is a significant contribution from the D

⇤
J

(2760)� resonance
observed in Ref. [29] and a spin-3 assignment gives the best description. A detailed
discussion on the determination of the spin of D⇤

J

(2760) is provided in Sec. 8.2.
Further checks of the consistency between the fitted models and the data are performed

with the unnormalised Legendre polynomial weighted moments as a function of m2(D0

⇡

�)

14

RBW = Relativistic Breit-Wigner and GS = Gounaris-
Sakurai. Listed eqs. are in the backup slides 



]4/c2 [GeV2)−π +πm(
2 4 6 8 10 12

 )4
/c2

Ev
en

ts
 / 

( 0
.1

 G
eV

0

500

1000

Data
Isobar fit

−π+π
−π

0D
 S-wave−π+π

Background

LHCb

(a)

•  Plots from the Isobar model fit 
•  K-matrix plots in the back-ups 
•  Bump seen in    at 2760 MeV/c2 

•  Rich structure also in  
•  Good agreement between models 
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Analysis details – DP fit 
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•           determined to be spin 3 
•  Other spins ruled out by at least 10 sigma 
•  No evidence for an additional spin-1 state 

•  See back-ups for further (non-spectroscopy) results 
•  Branching fraction measurements 
•  Amplitude fit parameters 
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Analysis details – results 
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Table 6: Measured masses (m in MeV/c2) and widths (� in MeV) of the D⇤
0

(2400)�, D⇤
2

(2460)�

and D⇤
3

(2760)� resonances, where the first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Isobar K-matrix
D⇤

0

(2400) m 2349± 6± 1± 4 2354± 7± 11± 2
� 217± 13± 5± 12 230± 15± 18± 11

D⇤
2

(2460) m 2468.6± 0.6± 0.0± 0.3 2468.1± 0.6± 0.4± 0.3
� 47.3± 1.5± 0.3± 0.6 46.0± 1.4± 1.7± 0.4

D⇤
3

(2760) m 2798± 7± 1± 7 2802± 11± 10± 3
� 105± 18± 6± 23 154± 27± 13± 9

8.3 Results of the Dalitz plot analysis

The shape parameters of the ⇡+

⇡

� resonances are fixed from previous measurements except
for the nonresonant contribution in the Isobar model. The fitted value of the parameter ↵
defined in Eq. (20) is �0.363± 0.027, which corresponds to a 10� statistical significance
compared to the case where there is no varying phase. An expansion of the model by
including a varying phase in the D0

⇡

� axis is also investigated but no significantly varying
phase in that system is seen. The results indicate a weak, but non-negligible, rescattering
e↵ect in the ⇡

+

⇡

� states, while the rescattering in the D0

⇡

� states is not significant. The
masses, widths and other shape parameters of the D

0

⇡

� contributions are allowed to
vary in the analysis. The values of the shape parameters of the D

0

⇡

� P-wave component,
defined in Eq. (14), are �

1

= 0.95± 0.05 (0.90± 0.04) and �

2

= 0.51± 0.06 (0.43± 0.05)
for the Isobar (K-matrix) model.

The measurements of the masses and widths of the three resonances D

⇤
0

(2400)�,
D

⇤
2

(2460)� and D

⇤
3

(2760)� are listed in Table 6. The present precision on the mass and
width of the D⇤

0

(2400)� resonance is improved with respect to Refs. [29,32]. The result for
the width of the D

⇤
2

(2460)� meson is consistent with previous measurements, whereas the
result for the mass is above the world average which is dominated by the measurement using
inclusive production by LHCb [29]. In the previous LHCb inclusive analysis, the broad
D

⇤
0

(2400)� component was excluded from the fit model due to a high correlation with the
background lineshape parameters, while here it is included. The present result supersedes
the former measurement. The Dalitz plot analysis used in this paper ensures that the
background under the D

⇤
2

(2460)� peak and the e↵ect on the e�ciency are under control,
resulting in much lower systematic uncertainties compared to the inclusive approach.

The moduli and the phases of the complex coe�cients of the resonant contributions,
defined in Eq. (2), are displayed in Tables 7 and 8. Compatible results are obtained using
both the Isobar and K-matrix models. The results for the fit fractions are given in Table 9,
while results for the interference fit fractions are given in Appendix C.
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•  Full amplitude analysis of        decays 
•  Expect resonances in    and    
•  Use only  
•  Access to the same charm resonances as          but lower statistics 
•  Most interesting for a future measurement of the CKM angle gamma 

•  Mass fit to select events for DP fit 
•  Roughly 2500 signal candidates 
•  Uses the full 3 fb-1 data sample 
•  Signal window 5248.55 – 5309.05 MeV 
•  Purity ~75% in the signal region 
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Analysis details 
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•  Nominal Amplitude model 
•  Five resonant terms, two nonresonant components and the LASS shape 
•  Backgrounds and efficiency variation over the DP included 
•  The Laura++ package was used to perform the amplitude fit 
•  Isobar formalism used 
 

20/05/2015 19 

Analysis details – DP fit 
arXiv:1505.01505 

Table 2: Signal contributions to the fit model, where parameters and uncertainties are taken
from Ref. [37]. The models are described in Sec. 5.

Resonance Spin DP axis Model Parameters

K

⇤(892)0 1 m

2(K+

⇡

�) RBW m

0

= 895.81± 0.19MeV, �
0

= 47.4± 0.6MeV
K

⇤(1410)0 1 m

2(K+

⇡

�) RBW m

0

= 1414± 15MeV, �
0

= 232± 21MeV
K

⇤
0

(1430)0 0 m

2(K+

⇡

�) LASS Determined from data (see text)
K

⇤
2

(1430)0 2 m

2(K+

⇡

�) RBW m

0

= 1432.4± 1.3MeV, �
0

= 109± 5MeV
D

⇤
0

(2400)� 0 m

2(D0

⇡

�) RBW
Determined from data (see Table 3)

D

⇤
2

(2460)� 2 m

2(D0

⇡

�) RBW

Nonresonant 0 m

2(D0

⇡

�) dabba Fixed (see text)
Nonresonant 1 m

2(D0

⇡

�) EFF Determined from data (see text)

6.3 Amplitude model for B

0 ! D

0
K

+
⇡

� decays

The Dalitz plot fit is performed using the Laura++ [53] package. The likelihood function
is given by

L =
NcY

i

"
X

k

N

k

P
k

�
m

2

i

(D0

⇡

�),m2

i

(K+

⇡

�)
�
#
, (16)

where the index i runs over N

c

candidates, k runs over the signal and background
components and N

k

is the yield in each component. The probability density function for
the signal component, P

sig

, is given by Eq. (12) with the |A
�
m

2(D0

⇡

�),m2(K+

⇡

�)
�
|2

terms multiplied by the e�ciency function described in Sec. 6.1. As it is possible for the
minimisation procedure to find a local minimum of the negative log likelihood profile, the
fit is repeated many times with randomised initial values to ensure the global minimum is
found.

The nominal Dalitz plot fit model for B0 ! D

0

K

+

⇡

� decays is composed of several
resonant and nonresonant amplitudes. Only those amplitudes that provide significant
contributions or that aid the fit stability are included. Unnatural spin-parity states are
not considered as these do not decay to two pseudoscalars. The eight amplitudes included
in this model are listed in Table 2. The width of the narrowest signal contribution to
the Dalitz plot (⇠ 50MeV) is far larger than the mass resolution (⇠ 2.4MeV); therefore,
resolution e↵ects are neglected.

The real and imaginary parts of the complex coe�cients c
j

defined in Eq. (1) are free
parameters of the fit except for the coe�cient of the D⇤

2

(2460)� component, which is fixed
to 1 as a reference. The phases and magnitudes of the complex coe�cients, as well as fit
fractions and interference fit fractions are derived from these free parameters. In addition,
the masses and widths of the D

⇤
0

(2400)� and D

⇤
2

(2460)� resonances are determined
from the fit to data and are reported in Table 3. The statistical uncertainties on all
parameters of interest are calculated using large samples of simulated pseudoexperiments.
The LASS parameters are determined to be m

0

= 1450± 80MeV, �
0

= 400± 230MeV,
a = 3.2± 1.8GeV and r = 0.9± 1.1GeV, while the parameter of the EFF lineshape of the

12

RBW = Relativistic Breit-Wigner, EFF = Exponential form factor. For dabba and LASS see back-ups 

http://laura.hepforge.org 



•  No evidence of         contribution 
•  No significant spin 1 or 3 state 
•  More data required in run 2 
•  See back-ups for further results 
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Analysis details – results 
arXiv:1505.01505 
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Table 9: Results for the product branching fractions. The four quoted errors are statistical,
experimental systematic, model and PDG uncertainties, respectively. Upper limits are given at
90% (95%) confidence level.

Resonance Product branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 3.42± 0.13± 0.10± 0.16± 0.40
K

⇤(1410)0 0.07± 0.03± 0.08± 0.07± 0.01 < 0.29 (0.34)
K

⇤
0

(1430)0 0.47± 0.18± 0.22± 0.31± 0.05
LASS nonresonant 0.44± 0.34± 0.34± 0.61± 0.05
LASS total 0.61± 0.25± 0.25± 0.49± 0.07

K

⇤
2

(1430)0 0.68± 0.15± 0.10± 0.18± 0.08
D

⇤
0

(2400)� 1.77± 0.26± 0.19± 0.67± 0.20
D

⇤
2

(2460)� 2.12± 0.10± 0.11± 0.11± 0.25
D

⇤
3

(2760)� < 0.10 (0.11)
D⇡ S-wave (dabba) 0.60± 0.13± 0.11± 0.34± 0.07
D⇡ P-wave (EFF) 0.81± 0.15± 0.20± 0.27± 0.09

Table 10: Results for the branching fractions. The four quoted errors are statistical, experimental
systematic, model and PDG uncertainties, respectively. Upper limits are given at 90% (95%)
confidence level.

Resonance Branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 5.13± 0.20± 0.15± 0.24± 0.60
K

⇤(1410)0 1.59± 0.68± 1.81± 1.59± 0.36 < 6.7 (7.8)
K

⇤
0

(1430)0 0.71± 0.27± 0.33± 0.47± 0.08
LASS nonresonant 0.66± 0.51± 0.51± 0.92± 0.08
LASS total 0.92± 0.38± 0.38± 0.74± 0.11

K

⇤
2

(1430)0 2.04± 0.45± 0.30± 0.54± 0.25

The masses and widths of the D

⇤
0

(2400)� and D

⇤
2

(2460)� states are found to be

m(D⇤
0

(2400)�) = (2360± 15± 12± 28)MeV

�(D⇤
0

(2400)�) = (255± 26± 20± 47)MeV

m(D⇤
2

(2460)�) = (2465.6± 1.8± 0.5± 1.2)MeV

�(D⇤
2

(2460)�) = (46.0± 3.4± 1.4± 2.9)MeV ,

where the three uncertainties are statistical, experimental systematic and model systematic,
respectively. These are consistent with, though less precise than, recent results from a DP
analysis of B0 ! D

0

⇡

+

⇡

� decays [12]. They also show good agreement with, and have
similar precision to, earlier measurements of these quantities [13, 37].

In summary, the first amplitude analysis of B0 ! D

0

K

+

⇡

� decays has been presented,
using a data sample corresponding to 3.0 fb�1 of pp collision data collected by the LHCb
experiment. A good description of the data is obtained with a model containing contri-

23

Table 9: Results for the product branching fractions. The four quoted errors are statistical,
experimental systematic, model and PDG uncertainties, respectively. Upper limits are given at
90% (95%) confidence level.

Resonance Product branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 3.42± 0.13± 0.10± 0.16± 0.40
K

⇤(1410)0 0.07± 0.03± 0.08± 0.07± 0.01 < 0.29 (0.34)
K

⇤
0

(1430)0 0.47± 0.18± 0.22± 0.31± 0.05
LASS nonresonant 0.44± 0.34± 0.34± 0.61± 0.05
LASS total 0.61± 0.25± 0.25± 0.49± 0.07

K

⇤
2

(1430)0 0.68± 0.15± 0.10± 0.18± 0.08
D

⇤
0

(2400)� 1.77± 0.26± 0.19± 0.67± 0.20
D

⇤
2

(2460)� 2.12± 0.10± 0.11± 0.11± 0.25
D

⇤
3

(2760)� < 0.10 (0.11)
D⇡ S-wave (dabba) 0.60± 0.13± 0.11± 0.34± 0.07
D⇡ P-wave (EFF) 0.81± 0.15± 0.20± 0.27± 0.09

Table 10: Results for the branching fractions. The four quoted errors are statistical, experimental
systematic, model and PDG uncertainties, respectively. Upper limits are given at 90% (95%)
confidence level.

Resonance Branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 5.13± 0.20± 0.15± 0.24± 0.60
K

⇤(1410)0 1.59± 0.68± 1.81± 1.59± 0.36 < 6.7 (7.8)
K

⇤
0

(1430)0 0.71± 0.27± 0.33± 0.47± 0.08
LASS nonresonant 0.66± 0.51± 0.51± 0.92± 0.08
LASS total 0.92± 0.38± 0.38± 0.74± 0.11

K

⇤
2

(1430)0 2.04± 0.45± 0.30± 0.54± 0.25

The masses and widths of the D

⇤
0

(2400)� and D

⇤
2

(2460)� states are found to be

m(D⇤
0

(2400)�) = (2360± 15± 12± 28)MeV

�(D⇤
0

(2400)�) = (255± 26± 20± 47)MeV

m(D⇤
2

(2460)�) = (2465.6± 1.8± 0.5± 1.2)MeV

�(D⇤
2

(2460)�) = (46.0± 3.4± 1.4± 2.9)MeV ,

where the three uncertainties are statistical, experimental systematic and model systematic,
respectively. These are consistent with, though less precise than, recent results from a DP
analysis of B0 ! D

0

⇡

+

⇡

� decays [12]. They also show good agreement with, and have
similar precision to, earlier measurements of these quantities [13, 37].

In summary, the first amplitude analysis of B0 ! D

0

K

+

⇡

� decays has been presented,
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23

Data Total fit 0*(892)K 0*(1410)K

 S-wave (LASS)πK 0(1430)*2K
−(2400)*0D

−(2460)*2D

 S-wave (EFF)πD  P-wave (EFF)πD −*D Background

) [GeV]−π+K(m
1 2 3

C
an

di
da

te
s /

 3
0 

M
eV

-110

1

10

210

310 LHCb (d)

f0(500)
f0(980)
D⇤⇤+

s

D⇤⇤+
sJ

D⇤⇤0

D(2600)
D(2760)
D⇤

J(2760)
0

D⇤
J(2760)

�

D⇤
sJ(2860)

�

D⇤⇤+

B0 ! D
0
⇡+⇡�

B0 ! D
0
K+⇡�

B0
s ! D

0
K�⇡+

B� ! D+K�⇡�

B� ! D+⇡�⇡�

B(B� ! D+⇡�⇡�)
B ! D⇢
B ! Dhh0 (h, h0 = K/⇡)
m(⇡+⇡�)
m(K+⇡�)

m(D
0
⇡�)

m(D+⇡�)

D
0 ! K+⇡�

1

Uncertainties are statistical, experimental systematics 
and model systematics  



•  Three amplitude analyses of     decays performed  
•         determined to be spin 1 for the first time 
•         determined to be spin 3 for the first time 
•  Interesting to see how this develops – recall spin 1 and spin 3 in          system 
•  Several worlds most precise measurements of masses and widths  

•  Full results of these analyses in the back-ups 
•  Branching fraction measurements 
•  Parameters from the amplitude fits 

•  Look out for future charm spectroscopy from LHCb 
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Table 12: Results for the complex amplitudes and their uncertainties. The three quoted errors
are statistical, experimental systematic and model uncertainties, respectively.

Isobar model coe�cients
Resonance Real part Imaginary part

D

⇤
0

(2400)0 �0.04± 0.07± 0.03± 0.28 �0.51± 0.07± 0.02± 0.13
D

⇤
2

(2460)0 1.00 0.00
D

⇤
1

(2760)0 �0.32± 0.06± 0.03± 0.03 �0.23± 0.07± 0.03± 0.03
S-wave nonresonant 0.93± 0.09± 0.03± 0.17 �0.58± 0.08± 0.03± 0.15
P-wave nonresonant �0.43± 0.09± 0.03± 0.34 0.75± 0.09± 0.05± 0.68

D

⇤
v

(2007)0 0.16± 0.08± 0.03± 0.56 0.46± 0.09± 0.04± 0.77
B

⇤
v

�0.07± 0.08± 0.22± 0.09 0.33± 0.07± 0.02± 0.08

Table 13: Results for the complex amplitudes and their uncertainties. The three quoted errors
are statistical, experimental systematic and model uncertainties, respectively.

Isobar model coe�cients
Resonance Magnitude Phase

D

⇤
0

(2400)0 0.51± 0.09± 0.02± 0.15 �1.65± 0.16± 0.06± 0.50
D

⇤
2

(2460)0 1.00 0.00
D

⇤
1

(2760)0 0.39± 0.05± 0.01± 0.03 �2.53± 0.24± 0.08± 0.08
S-wave nonresonant 1.09± 0.09± 0.02± 0.20 �0.56± 0.09± 0.04± 0.11
P-wave nonresonant 0.87± 0.09± 0.03± 0.11 2.09± 0.15± 0.05± 0.95

D

⇤
v

(2007)0 0.49± 0.07± 0.04± 0.05 1.24± 0.17± 0.07± 0.60
B

⇤
v

0.34± 0.06± 0.03± 0.07 1.78± 0.23± 0.11± 0.27

Table 14: Results for the fit fractions and their uncertainties (%). The three quoted errors are
statistical, experimental systematic and model uncertainties, respectively.

Resonance Fit fraction

D

⇤
0

(2400)0 8.3± 2.6± 0.6± 1.9
D

⇤
2

(2460)0 31.8± 1.5± 0.9± 1.4
D

⇤
1

(2760)0 4.9± 1.2± 0.3± 0.9
S-wave nonresonant 38.0± 7.4± 1.5± 10.8
P-wave nonresonant 23.8± 5.6± 2.1± 3.7

D

⇤
v

(2007)0 7.6± 2.3± 1.3± 1.5
B

⇤
v

3.6± 1.9± 0.9± 1.6

the resonance decays to D

+

⇡

� are unknown.
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Table 15: Results for the product branching fractions B(B� ! RK�)⇥ B(R ! D+⇡�) (10�4).
The four quoted errors are statistical, experimental systematic, model and inclusive branching
fraction uncertainties, respectively.

Resonance Branching fraction

D

⇤
0

(2400)0 6.1± 1.9± 0.5± 1.4± 0.4
D

⇤
2

(2460)0 23.2± 1.1± 0.6± 1.0± 1.6
D

⇤
1

(2760)0 3.6± 0.9± 0.3± 0.7± 0.2
S-wave nonresonant 27.8± 5.4± 1.1± 7.9± 1.9
P-wave nonresonant 17.4± 4.1± 1.5± 2.7± 1.2

D

⇤
v

(2007)0 5.6± 1.7± 1.0± 1.1± 0.4
B

⇤
v

2.6± 1.4± 0.6± 1.2± 0.2

The masses and widths of the D

⇤
2

(2460)0 and D

⇤
1

(2760)0 are determined to be

m(D⇤
2

(2460)0) = (2464.0± 1.4± 0.5± 0.2)MeV ,

�(D⇤
2

(2460)0) = (43.8± 2.9± 1.7± 0.6)MeV ,

m(D⇤
1

(2760)0) = (2781± 18± 11± 6)MeV ,

�(D⇤
1

(2760)0) = (177± 32± 20± 7)MeV ,

where the three quoted errors are statistical, experimental systematic and model uncer-
tainties, respectively. The results for the D

⇤
2

(2460)0 are within 2 � of the world average
values [9]. The mass of the D

⇤
1

(2760)0 resonance is similarly consistent with previous
measurements. The measured width of this state is larger than previous measurements by
2 to 3 times the uncertainties. Future studies based on much larger data samples will be
required to better understand these states.

The measurement of B(B� ! D

+

K

�
⇡

�) corresponds to the first observation of this
decay mode. Therefore, the resonant contributions to the decay are also first observations.
The significance of the B

� ! D

⇤
1

(2760)0K� observation is investigated by removing the
corresponding resonance from the DP model. A fit without the D

⇤
1

(2760)0 component
increases the value of 2�NLL by 75.0 units, corresponding to a high statistical significance.
Only the systematic e↵ects due to uncertainties in the DP model could in principle
significantly change the conclusion regarding the need for this resonance. However, in
alternative DP models where a D⇡ resonance with spin 3 is added and where the B

⇤
v

contribution is removed, the shift in 2�NLL remains above 50 units. The alternative models
also do not significantly impact the level at which the D

⇤
1

(2760)0 state is preferred to be
spin 1. Therefore, these results represent the first observation of the B� ! D

⇤
1

(2760)0K�

and the measurement of the spin of the D

⇤
1

(2760)0 resonance.
In summary, the B

� ! D

+

K

�
⇡

� decay has been observed in a data sample corre-
sponding to 3.0 fb�1 of pp collision data recorded by the LHCb experiment. An amplitude
analysis of its Dalitz plot distribution has been performed, in which a model containing
resonant contributions from the D

⇤
0

(2400)0, D⇤
2

(2460)0 and D

⇤
1

(2760)0 states in addition
to both S-wave and P-wave nonresonant amplitudes and components due to virtual
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where s = m

2(h
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h

2

) and m

r

is the pole mass of the resonance; �(L)(s), the mass-dependent
width, is defined as
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where �
0

is the partial width of the resonance, i.e., the width at the peak mass s = m

r

.
The lineshapes of ⇢(770), ⇢(1450) and ⇢(1700) cannot be described by a RBW function.

The Gounaris-Sakurai (GS) function [81] is used,
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The ⇢� ! interference is taken into account by

R

⇢�!

(s) = GS
⇢(770)

(s)⇥ (1 + ae

i✓RBW
!(782)

(s)), (13)

where �
0

is used, instead of the mass-dependent width �(L)(s), for !(782) [82].
The D

⇤(2010)� contribution is vetoed as described in Sec. 3. Possible remaining
contributions from the D

⇤(2010)� RBW tail or general D0

⇡

� P-waves are modelled as

R
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where �

1

and �

2

are free parameters.
The ⇡

+

⇡

� S-wave contribution is modelled using two alternative approaches, the
Isobar model [16–18] or the K-matrix model [19]. Contributions from the f

0

(500), f
0

(980),
f

0

(2020) resonances and a nonresonant component are parametrised separately in the
Isobar model and globally by one amplitude in the K-matrix model.

In the Isobar model, the f

0

(2020) resonance is modelled by a RBW function and the
modelling of the f

0

(500), f
0

(980) resonances and the nonresonant contribution are described
as follows. The Bugg resonant lineshape [83] is employed for the f

0

(500) contribution,
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Its modulus equals unity, and a slowly varying phase over m2(⇡+
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Table 7: The moduli of the complex coe�cients of the resonant contributions for the Isobar
model and the K-matrix model. The first uncertainty is statistical, the second and the third are
experimental and model-dependent systematic uncertainties, respectively.

Resonance Isobar (|c
i

|) K-matrix (|c
i

|)
Nonresonance 3.43± 0.22± 0.04± 0.51 n/a
f
0

(500) 18.7± 0.70± 0.29± 0.80 n/a
f
0

(980) 2.62± 0.25± 0.09± 0.46 n/a
f
0

(2020) 4.41± 0.51± 0.21± 1.78 n/a
⇢(770) 1.0 (fixed) 1.0 (fixed)
!(782) 0.30± 0.04± 0.00± 0.01 0.31± 0.04± 0.01± 0.01
⇢(1450) 0.23± 0.03± 0.01± 0.02 0.28± 0.03± 0.08± 0.01
⇢(1700) 0.078± 0.016± 0.006± 0.008 0.136± 0.020± 0.077± 0.011
f
2

(1270) 0.072± 0.002± 0.000± 0.005 0.073± 0.002± 0.006± 0.003
D0⇡� P-wave 18.8± 0.7± 0.3± 1.9 19.6± 0.7± 0.7± 0.6
D⇤

0

(2400)� 12.1± 0.8± 0.3± 0.6 13.1± 1.0± 0.8± 0.5
D⇤

2

(2460)� 1.31± 0.04± 0.02± 0.02 1.31± 0.04± 0.04± 0.00
D⇤

3

(2760)� 0.053 + 0.011

� 0.006

± 0.003± 0.008 0.075 + 0.016

� 0.008

± 0.005± 0.003

Table 8: The phase of the complex coe�cients of the resonant contributions for the Isobar
model and the K-matrix model. The first uncertainty is statistical, the second and the third are
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Table 11: Measured branching fractions of B(B0 ! rh
3

) ⇥ B(r ! h
1

h
2

) for the Isobar and
K-matrix models. The first uncertainty is statistical, the second the experimental systematic, the
third the model-dependent systematic, and the fourth the uncertainty from the normalisation
B0 ! D⇤(2010)�⇡+ channel.

Resonance Isobar (⇥10�5) K-matrix (⇥10�5)
f
0

(500) 11.2± 0.8± 0.5± 2.1± 0.5 n/a
f
0

(980) 1.34± 0.25± 0.10± 0.46± 0.06 n/a
f
0

(2020) 1.35± 0.31± 0.14± 0.85± 0.06 n/a
S-wave 14.1± 0.5± 0.6± 1.3± 0.7 14.2± 0.6± 1.5± 0.9± 0.7
⇢(770) 32.1± 1.0± 1.2± 0.9± 1.5 31.0± 1.0± 2.1± 0.7± 1.5
!(782) 0.42± 0.11± 0.02± 0.03± 0.02 0.43± 0.11± 0.02± 0.02± 0.02
⇢(1450) 1.36± 0.28± 0.08± 0.19± 0.06 1.91± 0.37± 0.73± 0.19± 0.09
⇢(1700) 0.33± 0.11± 0.06± 0.05± 0.02 0.73± 0.18± 0.53± 0.10± 0.03
f
2

(1270) 9.5± 0.5± 0.4± 1.0± 0.4 9.1± 0.6± 0.8± 0.5± 0.4
D⇤

0

(2400)� 7.7± 0.5± 0.3± 0.3± 0.4 8.0± 0.5± 0.8± 0.4± 0.4
D⇤

2

(2460)� 24.4± 0.7± 1.0± 0.4± 1.2 23.8± 0.7± 1.2± 0.5± 1.1
D⇤

3

(2760)� 1.03± 0.16± 0.07± 0.08± 0.05 1.34± 0.19± 0.16± 0.06± 0.06

those states are considered: qq̄ or [qq0][q̄q̄0] (tetraquarks). In both models, mixing angles
between di↵erent quark states are determined using our measurements. In the qq̄ model,
the mixing between ss̄ and uū or dd̄ can be written as

|f
0

(980)i = cos'
mix

|ss̄i+ sin'
mix

|nn̄i, (39)

|f
0

(500)i = � sin'
mix

|ss̄i+ cos'
mix

|nn̄i, (40)

where |nn̄i ⌘ (|uūi+ |dd̄i)/p2 and '

mix

is the mixing angle. In the [qq0][q̄q̄0] model, the
mixing angle, !

mix

, is introduced and the mixing becomes

|f
0

(980)i = cos!
mix

|nn̄ss̄i+ sin!
mix

|uūdd̄i, (41)

|f
0

(500)i = � sin!
mix

|nn̄ss̄i+ cos!
mix

|uūdd̄i. (42)

In both cases, the following variable is defined

r

f =
B(B0 ! D

0

f

0

(980))

B(B0 ! D

0

f

0

(500))
⇥ �(500)

�(980)
, (43)

where �(500) and �(980) are the integrals of the phase-space factors computed over
the resonant lineshapes and the phase-space factors are proportional to the momentum
computed in the B

0 rest frame. The value of their ratio is �(500)/�(980) = 1.02± 0.05.
The value of the branching fraction B(f

0

(500) ! ⇡

+

⇡

�) = 2/3 is obtained from the
isospin Clebsch-Gordan coe�cients and assumes that there are only contributions from ⇡⇡

final states. The ratio B(f
0

(980) ! K

+

K

�)/B(f
0

(980) ! ⇡

+

⇡

�) = 0.35+0.15

�0.14

, obtained
from an average of the measurements by the BaBar [93] and BES [94] collaborations, is
used to estimate the branching fraction B(f

0

(980) ! ⇡

+

⇡

�). Assuming that the ⇡⇡ and
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Table 10: Correction factors due to the D⇤(2010)� veto.

Resonance "

corr

i

%
f

0

(500) 99.52± 0.10
f

0

(980) 98.74± 0.09
f

0

(2020) 99.29± 0.05
S-wave 98.55± 0.04
⇢(770) 98.95± 0.03
!(782) 99.39± 0.02
⇢(1450) 95.66± 0.06
⇢(1700) 96.73± 0.06
f

2

(1270) 91.91± 0.09
D

⇤
0

(2400)� 98.60± 0.10
D

⇤
2

(2460)� 100.
D

⇤
3

(2760)� 100.

of B0 ! D

0

f

0

(2020) are reported. The present world averages [32] of the branching
fractions B(B0 ! D

0

⇢(770))⇥ B(⇢(770) ! ⇡

+

⇡

�), B(B0 ! D

0

f

2

(1270))⇥ B(f
2

(1270) !
⇡

+

⇡

�), B(B0 ! D

⇤
0

(2400)�⇡+)⇥ B(D⇤
0

(2400)� ! D

0

⇡

�), and B(B0 ! D

⇤
2

(2460)�⇡+)⇥
B(D⇤

2

(2460)� ! D

0

⇡

�) are improved considerably. When accounting for the branching
fractions of the !(782) and f

2

(1270) to ⇡

+

⇡

�, one obtains the following results for the
Isobar model

B(B0 ! D

0

!(782)) = (2.75± 0.72± 0.13± 0.20± 0.13+0.20

�0.23

)⇥ 10�4 (35)

and
B(B0 ! D

0

f

2

(1270)) = (16.8± 1.1± 0.7± 1.8± 0.7+0.5

�0.2

)⇥ 10�5

. (36)

For the K-matrix model, one obtains

B(B0 ! D

0

!(782)) = (2.81± 0.72± 0.13± 0.13± 0.13+0.20

�0.24

)⇥ 10�4 (37)

and
B(B0 ! D

0

f

2

(1270)) = (16.1± 1.1± 1.4± 0.9± 0.7+0.5

�0.2

)⇥ 10�5

. (38)

In both models, the fifth uncertainty is due to knowledge of the ⇡

+

⇡

� decay rates [32].
The results are consistent with the measurement of the decay B

0 ! D

0

!(782), using the
dominant !(782) ! ⇡

+

⇡

�
⇡

0 decay [32,40].

8.5 Structure of the f0(980) and f0(500) resonances

In the Isobar model, significant contributions from both B

0 ! D

0

f

0

(500) and B

0 !
D

0

f

0

(980) decays are observed. The related branching fraction measurements can be used
to obtain information on the substructure of the f

0

(980) and f

0

(500) resonances within the
factorisation approximation. As discussed in Sec. 1, two models for the quark structure of
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to break down in the K⇡ S-wave because the K

⇤
0

(1430) resonance interferes strongly with
a slowly varying nonresonant term, as described in Ref. [50]. The LASS lineshape [51] has
been developed to combine these two contributions,

R(m) =
m

q cot �
B

� iq

+ exp [2i�
B

]
m

0

�
0

m0
q0

(m2

0

�m

2)� im

0

�
0

q

m

m0
q0

, (8)

where cot �
B

=
1

aq

+
1

2
rq , (9)

and where m

0

and �
0

are the pole mass and width of the K

⇤
0

(1430) state, and a and r are
shape parameters.

The D⇡ S-wave nonresonant contribution can be described by the “dabba” line-
shape [52], defined as

R(m) =
B

0(m2)(m2 � s

A

)⇢

1� �(m2 �m

2

min

)� iB

0(m2)(m2 � s

A

)⇢
, (10)

where
B

0(m2) = b exp
⇥
�↵(m2 �m

2

min

)
⇤
. (11)

Here m

min

is the invariant mass at threshold, s
A

= m

2

D

� 0.5m2

⇡

is the Adler zero, ⇢ is
a phase-space factor and b, ↵ and � are parameters with values fixed to 24.49GeV�2,
0.1GeV�2 and 0.1GeV�2, respectively, according to Ref. [52].

Ignoring reconstruction and selection e↵ects, the DP probability density function would
be

P
phys

�
m

2(D0

⇡

�),m2(K+

⇡

�)
�
=

|A
�
m

2(D0

⇡

�),m2(K+

⇡

�)
�
|2

RR
DP

|A|2 dm

2(D0

⇡

�) dm2(K+

⇡

�)
, (12)

where the dependence of A on the DP position has been suppressed in the denominator for
brevity. The primary results of most Dalitz plot analyses are the complex coe�cients, as
defined in Eq. (1). These, however, depend on the choice of phase convention, amplitude
formalism and normalisation used in each analysis. The convention-independent quantities
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Table 7: Results for the complex amplitudes and their uncertainties presented (top) in terms of
real and imaginary parts and (bottom) in terms and magnitudes and phases. The three quoted
errors are statistical, experimental systematic and model uncertainties, respectively.

Resonance Real part Imaginary part

K

⇤(892)0 �0.00± 0.15± 0.24± 0.34 �1.27± 0.06± 0.03± 0.06
K

⇤(1410)0 0.15± 0.06± 0.04± 0.09 �0.09± 0.09± 0.18± 0.18
K

⇤
0

(1430)0 0.14± 0.38± 0.48± 0.38 0.45± 0.15± 0.37± 0.17
LASS nonresonant �0.10± 0.24± 0.16± 0.42 0.44± 0.14± 0.17± 0.23
K

⇤
2

(1430)0 �0.32± 0.09± 0.15± 0.23 �0.47± 0.07± 0.14± 0.15
D

⇤
0

(2400)� �0.80± 0.08± 0.07± 0.22 �0.44± 0.14± 0.12± 0.18
D

⇤
2

(2460)� 1.00 0.00
D⇡ S-wave (dabba) �0.39± 0.09± 0.09± 0.14 0.36± 0.17± 0.14± 0.23
D⇡ P-wave (EFF) �0.62± 0.06± 0.03± 0.11 �0.03± 0.06± 0.05± 0.10

Resonance Magnitude Phase

K

⇤(892)0 1.27± 0.06± 0.03± 0.05 �1.57± 0.11± 0.16± 0.27
K

⇤(1410)0 0.18± 0.07± 0.10± 0.11 �0.54± 0.21± 0.55± 1.04
K

⇤
0

(1430)0 0.47± 0.09± 0.10± 0.14 1.27± 0.95± 1.04± 0.81
LASS nonresonant 0.46± 0.14± 0.16± 0.29 1.79± 0.65± 0.35± 0.69
K

⇤
2

(1430)0 0.57± 0.05± 0.04± 0.08 �2.16± 0.19± 0.43± 0.43
D

⇤
0

(2400)� 0.91± 0.07± 0.06± 0.17 �2.64± 0.15± 0.14± 0.23
D

⇤
2

(2460)� 1.00 0.00
D⇡ S-wave (dabba) 0.53± 0.07± 0.04± 0.14 2.40± 0.27± 0.24± 0.44
D⇡ P-wave (EFF) 0.62± 0.06± 0.04± 0.11 �3.09± 0.10± 0.07± 0.17

Table 8: Results for the fit fractions and their uncertainties (%). The three quoted errors are
statistical, experimental systematic and model uncertainties, respectively. Upper limits are given
at 90% (95%) confidence level.

Resonance Fit fraction Upper limit
K

⇤(892)0 37.4± 1.5± 1.2± 1.7
K

⇤(1410)0 0.7± 0.3± 0.8± 0.8 < 3.2 (3.7)
K

⇤
0

(1430)0 5.1± 2.0± 2.4± 3.4
LASS nonresonant 4.8± 3.8± 3.8± 6.7
LASS total 6.7± 2.7± 2.7± 5.4

K

⇤
2

(1430)0 7.4± 1.7± 1.1± 2.0
D

⇤
0

(2400)� 19.3± 2.8± 2.0± 7.4
D

⇤
2

(2460)� 23.1± 1.2± 1.1± 1.2
D

⇤
3

(2760)� < 1.0 (1.1)
D⇡ S-wave (dabba) 6.6± 1.4± 1.2± 3.7
D⇡ P-wave (EFF) 8.9± 1.6± 2.2± 3.0
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Table 9: Results for the product branching fractions. The four quoted errors are statistical,
experimental systematic, model and PDG uncertainties, respectively. Upper limits are given at
90% (95%) confidence level.

Resonance Product branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 3.42± 0.13± 0.10± 0.16± 0.40
K

⇤(1410)0 0.07± 0.03± 0.08± 0.07± 0.01 < 0.29 (0.34)
K

⇤
0

(1430)0 0.47± 0.18± 0.22± 0.31± 0.05
LASS nonresonant 0.44± 0.34± 0.34± 0.61± 0.05
LASS total 0.61± 0.25± 0.25± 0.49± 0.07

K

⇤
2

(1430)0 0.68± 0.15± 0.10± 0.18± 0.08
D

⇤
0

(2400)� 1.77± 0.26± 0.19± 0.67± 0.20
D

⇤
2

(2460)� 2.12± 0.10± 0.11± 0.11± 0.25
D

⇤
3

(2760)� < 0.10 (0.11)
D⇡ S-wave (dabba) 0.60± 0.13± 0.11± 0.34± 0.07
D⇡ P-wave (EFF) 0.81± 0.15± 0.20± 0.27± 0.09

Table 10: Results for the branching fractions. The four quoted errors are statistical, experimental
systematic, model and PDG uncertainties, respectively. Upper limits are given at 90% (95%)
confidence level.

Resonance Branching fraction (10�5) Upper limit (10�5)
K

⇤(892)0 5.13± 0.20± 0.15± 0.24± 0.60
K

⇤(1410)0 1.59± 0.68± 1.81± 1.59± 0.36 < 6.7 (7.8)
K

⇤
0

(1430)0 0.71± 0.27± 0.33± 0.47± 0.08
LASS nonresonant 0.66± 0.51± 0.51± 0.92± 0.08
LASS total 0.92± 0.38± 0.38± 0.74± 0.11

K

⇤
2

(1430)0 2.04± 0.45± 0.30± 0.54± 0.25

The masses and widths of the D

⇤
0

(2400)� and D

⇤
2

(2460)� states are found to be

m(D⇤
0

(2400)�) = (2360± 15± 12± 28)MeV

�(D⇤
0

(2400)�) = (255± 26± 20± 47)MeV

m(D⇤
2

(2460)�) = (2465.6± 1.8± 0.5± 1.2)MeV

�(D⇤
2

(2460)�) = (46.0± 3.4± 1.4± 2.9)MeV ,

where the three uncertainties are statistical, experimental systematic and model systematic,
respectively. These are consistent with, though less precise than, recent results from a DP
analysis of B0 ! D

0

⇡

+

⇡

� decays [12]. They also show good agreement with, and have
similar precision to, earlier measurements of these quantities [13, 37].

In summary, the first amplitude analysis of B0 ! D

0

K

+

⇡

� decays has been presented,
using a data sample corresponding to 3.0 fb�1 of pp collision data collected by the LHCb
experiment. A good description of the data is obtained with a model containing contri-
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